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RESEARCH ON ELECTROMECHANICAL COUPLING
MODELING AND DYNAMIC CHARACTERISTICS OF
ELECTRIC VEHICLE DRIVE SYSTEMS
BASED ON BOND GRAPHS

ABSTRACT

In recent years, with active governmental support for China's new
energy vehicle industry, the market penetration rate of battery electric
vehicles demonstrates sustained growth, consequently elevating public
expectations regarding electric vehicle (EV) stability and reliability. As the
core powertrain component, the electric drive system of battery EVs plays
a pivotal role in determining multiple vehicle performance metrics. The EV
drive system, characterized by its multi-energy-domain coupling
architecture, integrates a battery pack as the energy source, a permanent
magnet synchronous motor (PMSM) as the propulsion unit, and a gear
transmission mechanism, forming a sophisticated electromechanical
energy conversion chain. To address the challenges of ambiguous cross-
domain dynamic interaction mechanisms and the inadequacy of traditional
analytical methods in effectively reflecting the complex dynamic
characteristics of systems, this paper adopts an electromechanical coupling
modeling methodology based on the bond graph theory. Different from
traditional modeling methods, the modeling method based on bond graph
theory is a graphical modeling method that can explicitly reflect the
physical topology of the system and various dynamic influencing factors.
The principal research components are structured as follows:

Firstly, the modeling issues of core components in the electric drive

system based on bond graph theory is studied. The dynamic models of the
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core components of the electric drive system are systematically introduced.
Subsequently, the working principles and mathematical models of the key
components of the electric drive system are thoroughly analyzed from a
theoretical perspective, with a focus on the electromagnetic torque
generation mechanism of permanent magnet DC motors (PMDC), the
working principles of permanent magnet synchronous motors, and the
power conversion characteristics of inverters. On this basis, following the
law of energy conservation and bond graph theory, the bond graph models
of the core components are established by analyzing the energy transfer
forms of each component. The model validation is conducted through
comprehensive simulation analysis, which confirms the reliability and
accuracy of the proposed modeling approach.

Secondly, the modeling issues of the transmission system in the
electric drive system is investigated. The corresponding bond graph models
is constructed and their validity is verified. A detailed dynamic analysis is
conducted on the energy conversion characteristics of core transmission
components. Nonlinear factors including gear tooth surface friction,
backlash, and static transmission errors in gear reducers, along with the
torque distribution mechanism of differentials, are systematically
addressed through the development of a mathematical transmission system
model incorporating nonlinearities. Subsequently, a bond graph model of
the transmission system is established using bond graph theory, achieving
unified consideration of mechanical rotational motion and torsional
vibration motion through causal stroke configuration. Subsequently, the
20-sim simulation platform is used to verify the dynamic characteristics.
By comparing the amplitude of speed fluctuations and torque transmission
efficiency between theoretical and simulation outputs, it is confirmed that
the established model has superior response accuracy.

Finally, this paper develops an electromechanical coupling dynamic
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model for the electric drive system in battery electric vehicles based on
bond graph theory, accompanied by systematic dynamic analyses.
Specifically, some critical bond graph models are established, such as the
permanent magnet DC motor-gear reducer assemblies, the permanent
magnet synchronous motor-gear reducer systems, and the complete electric
drive system. Through 20-sim simulations, the impacts of motor rotational
speed, time-varying meshing stiffness, and static transmission errors on
system dynamics are thoroughly investigated. Time-domain and
frequency-domain analyses of motor current and electromagnetic torque
reveal the critical influence of electromechanical coupling on dynamic
characteristics. The research results indicate that factors such as motor
speed fluctuations, tooth surface friction, and transmission gaps have a
significant bidirectional interaction effect on the dynamic response and
vibration characteristics of the systems. This work enriches the research
findings for the electric drive system in battery electric vehicles and
provides a reliable modeling foundation for electromechanical coupling
analysis of electric drive systems.

Chen Qingqing(School of Mechanical and Automotive Engineering)

Supervised by Associate Professor Xu Rui

KEY WORDS: Electric drive system, Electromechanical coupling,

Permanent magnet synchronous motor, Dynamics, Bond graph
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ﬁ
¥
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H
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Kl 3-7 PMSM JE TS 2H S5 3% L B AR 7Y
PMSM 7 TS 2H 19 viss O R 7 R U0 -

ua RS 0 0 i(l d w{l
u, |=| 0 R 01|l +E o, (3-5)
u, 0 0 R |i ®,

Rty [w, w, w]'~ [, i, @] SBONE T ARG B ERIAT IR AR, R,
NEMGAME o =[p, ¢, .| NETFRIHENE 7O RS

7E PMSM 1, 8 FEedh i) s AT |l DR 5 AR THA
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L,=L+L, 005(2(6; Y
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(3-6)
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6
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«f, L ,L, L NEK L, L., L.L.,L, L, 23 NKEK, L N=MHE
FHEIE, L, e T HRIEME M e+ o, ZENE FSRARTFFH K, 6,
NRHLR R, LS B LRSS R AR

0,=p-6. (3-7)
A, 6 NI, p AR R 250, =01, HEHGH a (KRR,
HWERK, 260, =90" MK AR RLE &, HAE 00 Bk, Fr K m i mdie &
RIBAWT-

cos(8
Py | = P COS(Q—TJ (3-8)
¢C"1
cos(@e+2—ﬂj
- 3 -
K, @, NKWEARTGEE .
PMSM & W%k T FEW R :
¢a Laa Lab Lac ia ¢am
Gy | = Lba Lbb Lbc Iy || Do (3-9)

Pl Lo Lo Le]li] [ Pen
RS [0 O @] PTG R B E T ARG RO B RE 5> R0 G
WA ERRT, Yu=[u, u, w].0=[0n G ou].i=[i i i]
raa Ly L,
L=|L, L, L,

L, L, L

Ja RS AR T R A

d d d
“@o=u—|RI+—L|i-L—i ]
dt¢ ! ( ’ +dt jl a&l (3-10)
A, DARAIRERE. BB TIEN:
T = poi (3-11)

3.1.3 TR TERERHFERE
7 PMSM #2880, R AIE 3-8 Jim i = AH A8 28 4F N IR S HT
ZI AR A A ERRIMA R, BB R IGBT TR it s il s e 5. H
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WAL AR
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R 1 R
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U, | |(0,0,0)
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v=| || OD (3-12)
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A =MW FEH AR, AT ROREU, =(=0,1,2...7) & — PR EE
Fu, =(=0,1,2..7) o H5 =HHAZ A5 25 0 B K 1 A2 R 0N @ U a W ERIE N :

2z
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2 2
DAL LG 25 AH A F s T BASR 7R N -
1
2
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3 2
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uC}’l UL‘
mal (3-14) 5 (3-15) wf:
1
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2
a

3.1.4 HIRIEHIGE

PWM HARFE AL AU B A 2 RO, HE R kb e s st 5
BRSO IR BN B g (RFGEER B PRI PMSMD HH6H . 350 55 1A
ROREAE RS . a1 3-9 Fom i = AR 28 PWM 8 HI380H, ZBR 1 O3
FETRERME S CRE/IRE) BNk RGE S, Kt E o f-ri -y
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RYE B LR & BB, WA B A UIRS T 128
(3-17)

b, NIRRT, o N TR
3.2.2 JkHEAES BN EEEEE

H 3.1.2 TS 2 PMSM £, nE 7 B4 PMSM 88 & B
HEM PMSM WS EER G, NEEETEK, £ (3-9) 1,
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F7~ PMSM B N =AH K, BHE O R 8 T2 B I Bk SR i L e
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B 3-11 FPalif [ s (MGY ) FT3RAEKRE R D L E T 4Rl A 12
[ AR EAE I SRR RE RS R . TF Jui Rk iE R 20 s L b s gl BE e 1 9 bl
PAERITE L, HSHORKHERD L. B 3-11 th MGY 5 1 TFi SNk
32 flvn. fEEH, i Se Ram KRG, RFETWINEN 0.
® 32 BAREESHE

JLER ZH
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MGY :m, ®, cos(@e +?j

Il Laa

]2 Lbb

13 Lcc

e

K 3-12 % p& & PMSM 5 7Y
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s F—=x1—Al =R R, s— ~— —=X1—i

OF—I%l—AI—HR R,— —»III-—/)?—A
i MSf  R:R, i MY R:R,
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el 3-20 FiuR, W34 H 0 = AH ARG TR I RS2 R, HLTE 8 SRR,
TG B 2 AR SR T

HE—B TR, R AR S PWM R R e 4 — 8, SR T
WiAR B PR E T AR P N R RE /). BhAh, ZAHEFRAAAIZE N 120° , 18
EAHSE, FF6 BAR =0 22U F R AR PR 2SR, R B AY R HE i B I AR 28 1 =
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3.4 RENG

A TR XA BT LR B R S P K3 1 R GEREAT W AT, VRO FLKEN &
G DAL 7, Z RGBSR B ORI RE R S T RE . ik, KR
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I A e A 3 R G R AR R RCR AT SEESE0 S, B DAl iz 19 LB
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s O b T A T BRI ] A i A AR B R 2 A AR R M E A
WHAEBIARAL, BeJm X 20 AL BTG F (10 22 T s DL BT e dh AT B o PR A A s o

4.1 EEWRGER R TIERE

4.1.1 WRBIRFEN R TIERE
PR S SR AU B 2 b 2 A0 T B — Rl S LAY, A R AR Bl R G A I AMY
A DL R U A, T LT DUBOR rEBL Ay H e o AT TR BE L A O ) It A
DALENRZEF AR LN K 3 2 B35 U R o RGN BN )R, (R s E AL )
AR A AR RS, TR RGEMAE M. R, ARSONhReL3h /gt
TR . TR B . AR R A 1R 72 S AR R M R Z kAT 20 Hr
O SR PRSI S 22 2 1 A b, AT R 27 A — E I ERS R E, §S
RN ECAL BRI, N T IT BRI AT, AR SO ] 1 B O i A 1R ZE AT 11
A, HEREAWT.
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X, e NS IRZER &, o NESRERNBHE, o, NAWEIE, ¢ HFHE
WENIBEANL A, — IO T AL g, =0,
WAL ) RGBT ARG G W B2 I I T R R, HERa
k(z) =k, +k, cos(w,r +4,) (4-2)
A, ke, ARG A NI FEIME, & NS SR EIRSEE, ¢, ARG A
WIEERIARARGL A, — BB OL T ATkl g, =0 .
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PG A5 AEIB AT I SR T R TE R i AR R S AP E B AT, TEERRT, J2 4%
R B R i R SRR R B G S ), HRIEFON:
F =k(r)f(8)+c,0 (4-3)
X, k(o) WHEERIEE,  £(0) NUIIRBR, c, NGB REL, o NkEemE&
Ab3E LR T5 11 77 A AR RS
DUITR] B TT 23 B ek R R N
5—b,6>b
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/
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(4-5)

v =(n +r2)sina—m+P+mod(a)lrblr,P)
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X, me n RN ESR MBI IR AR, 1y ok, 3 B EC A NS EE
WIRE AT, v 1, A BB ERREE AT, o o, 203 9 SRR
AT, PoAvIRTIEE, HFRIAWF:

_ 2z, _ 2rr,,

P (4-6)

Z 2y
K,z 2, RIS B EE TN B FE IR L4 5
Kl 4-2 Hifemi G E R, S Q AWM &Lk FAT Bl A, mEA 2k S A
FAHY], B AE Al A IR BN v, v, TEBIEEE v, . AIRINA:
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S R TTA, S T B, i
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X, WNEE R

(4-9)
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O AHE B R G AR N & 4-3 o . Horb u NEEEREL  e(r) JFRS
W2, @,T,n,m(i=1,2) 2 AN L SEe MBI B  FAE L B3 PR i
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